The factor H binding protein (fHbp) is a key virulence factor of Neisseria meningitidis that confers to the bacterium the ability to resist killing by human serum. The determination of its three-dimensional structure revealed that the carboxyl terminus of the protein folds into an eight-stranded β barrel. The structural similarity of this part of the protein to lipocalins provided the rationale for exploring the ability of fHbp to bind siderophores. We found that fHbp was able to bind in vitro siderophores belonging to the cathecolate family and mapped the interaction site by nuclear magnetic resonance. Our results indicated that the enterobactin binding site was distinct from the site involved in binding to human factor H and stimulates new hypotheses about possible multiple activities of fHbp.
INTRODUCTION
Neisseria meningitidis is an obligate human pathogen that can cause severe and sometimes fatal septicaemia and meningitis.(1-3) Meningococcal serogroup B has long been identified as an important cause of disease in many parts of the world. However, vaccine development has been hindered by the biochemistry of its capsular polysaccharide (4) (5) (6) and the difficulties inherent in identifying appropriate surface protein antigens. (7) The use of reverse vaccinology to select antigens suitable for vaccine development led to identification of a number of novel proteins.(8) As a result a multicomponent vaccine has been proposed, (9) which includes among the other antigens fHbp, a surface-anchored lipoprotein previously termed genome-derived neisserial antigen 1870 (GNA1870), (8) or LP20286. (10) fHbp is able to induce a strong immune response in animals and humans. (11) (12) (13) fHbp is prone to sequence variability, so that three distinct variants of the protein can be recognized in the meningococcal population. (14) Each variant is, however, able to bind human factor H (fH), a negative regulator of the alternative complement pathway. (15) fH is a 150 kDa polypeptide composed of 20 domains of ∼60 amino acid each(16) called short consensus repeats (SCRs) arranged in a consecutive fashion. fH is normally present at high concentrations in human serum. (17) Its binding to the surface of human cells protects them from autoimmune attack. (17, 18) Meningococci evolved the ability to capture human fH on their surface thanks to the direct interaction with fHbp. It has been shown that fH binds fHbp via SCR6 and -7.(19) Such interaction allows the meningococcus to evade the innate immunity of the host. (20) The three-dimensional structure of fHbp, free (21) (22) (23) or in complex with SCR6 and -7 of human factor H, (19) showed that the meningococcal protein consists of two domains connected by a flexible linker. While the N-terminal domain adopts an elongated "barrel-like" structure characterized by the presence of long loops and by extensive flexibility, the C-terminal portion of the molecule is arranged in a well-defined β barrel that is stabilized by a regular network of hydrogen bonds. The structure of the C-terminal domain shows a remarkable similarity to those of lipocalins. (24) Lipocalins form a wide family of proteins expressed by plants, fungi, bacteria, vertebrates, and invertebrates (25, 26) that participate in many biological functions, including binding to siderophores. With the name siderophores are collectively indicated a variety of organic chelators that have a strong affinity for ferric iron. This metal is essential for the growth and development of almost all living organisms, including bacteria that during infection cannot freely access the host iron reservoir, as the metal is tightly sequestered by proteins or hemes in the host.
Because of this competition between pathogenic bacteria and the human host for ferric iron uptake, siderophores are considered to be virulence factors because of their capacity to feed microorganisms with this metal. (27) The structural similarity of fHbp to lipocalins prompted us to investigate the possible role of fHbp as a siderophore-binding protein. In this work, we initially explored the affinity of recombinant meningococcal fHbp for different siderophores in vitro. Our results show that the protein is able to bind enterobactin, a feature that is shared with its orthologue in Neisseria gonorrheae. These observations suggest that fHbp could be involved in iron uptake and for this reason play an important role in bacterial survival in the human body.
EXPERIMENTAL PROCEDURES fHbp Expression and Purification
The fHbp alleles were amplified by polymerase chain reaction from the chromosomal DNA of N. meningitidis strains MC58, 2996, and M1239, while the chromosomal DNA of N. gonorrheae strain FA1090 was used to amplify the gonococcal gene. All the alleles were cloned into the pET21b vector (Novagen) under the control of the T7 promoter. Recombinant fHbp was expressed in the Escherichia coli BL21(DE3) strain as a C-terminal histidine fusion. Protein expression was induced by isopropyl 1-thio-β-D-galactopyranoside (IPTG) (Sigma), and then fHbp was purified by nickel chelating affinity chromatography using a HisTrap HP column (GE Healthcare) followed by cationic exchange chromatography. The purified protein was dialyzed in PBS buffer. For NMR analysis, the BL21(DE3) E. coli clone was grown in ISOGRO 15 N (Sigma). After protein purification, the final product was dialyzed in 20 mM sodium phosphate (pH 7.2), a specific requirement for NMR. Unlabeled variant 1 fHbp was purified following the same procedure, while fHbp variants 2 and 3 and the gonococcal isoform were purified by nickel chelating affinity chromatography and then anionic exchange chromatography and finally dialyzed in phosphatebuffered saline (PBS).
Native Gel Electrophoresis
Samples containing 100 μg of purified full-length fHbp-his were mixed and incubated for 1 or 8 h at room temperature, at a 1:1 molar ratio with commercially available ferric enterobactin 
Surface Plasmon Resonance (SPR) Analysis
All SPR experiments were performed using a Biacore T100 instrument (GE Healthcare) equilibrated at 25 °C. fHbp proteins were immobilized on the sensor surface as ligands, and siderophores were injected as analytes in optimized running buffer that consisted of PBS (pH 7.4), 0.05% P-20 detergent, and 2% methanol. For each titration, fHbp proteins were first covalently immobilized by amine coupling on a carboxymethylated dextran sensor chip (CM-5, GE Healthcare). Amine coupling reactions for immobilization of fHbp were performed using purified proteins at ∼10 μg/mL in 10 mM sodium acetate buffer (pH 5. (Table S1 of During the initial rigid-body docking calculation, the intermolecular interactions have been scaled down to a value of 0.01. In this phase, 1000 structures of the complex were generated and the best 200 in terms of total intermolecular energy were further submitted to semiflexible simulated
annealing and final refinement in water. The initial temperature for the second torsion angle dynamic (TAD) cooling step with a flexible side chain at the interface was set up to 500 K. The molecular dynamics trajectory steps for rigid body high-temperature TAD and during the first rigid body cooling stage were set up to zero, while the numbers of MD steps during the second and third cooling stages with flexible side chains at the interface were set up to 500. The final 200 structures were then clustered using a cutoff of 2.0 Å of the root-mean-square deviation (rmsd) among any structure of a cluster. The docking solution could be divided into two clusters, which were ranked on the basis of the average HADDOCK score. Table S2 of the Supporting Information reports the statistics calculated over the best four models of each cluster.
RESULTS

fHbp-Enterobactin Interaction Revealed by Native Polyacrylamide Gel Electrophoresis (PAGE)
On the basis of their chemical structure (Figure 1 ), siderophores can be subdivided into catecholates, hydoxamates, or mixed classes. Cathecolates (enterobactin and salmochelin), a hydroxamate (aerobactin), and a mixed siderophore (yersiniabactin) were selected as representative members of the respective classes and tested for their ability to bind to recombinant meningococcal fHbp by native gel electrophoresis.
A faster gel migration was detected for fHbp after incubation in the presence of enterobactin and, to a lesser extent, after incubation with salmochelin ( Figure 2 ). On the other hand, preincubation of fHbp with aerobactin and yersiniabactin did not alter its electophoretic pattern. The faster migration of the fHbp-Fe III (Ent) 3-complex was likely due to an altered electrostatic potential on the fHbp surface when it was bound to enterobactin. We concluded therefore that fHbp was able to bind catecholates in vitro and that such interaction was more pronounced in the case of enterobactin.
SPR Binding Studies
To confirm the indications derived from native PAGE, we analyzed the binding affinity of Fe(Ent) 3- for immobilized fHbp by surface plasmon resonance (SPR Figure 3A ). The fHpb affinity was specific for the Fe III (Ent) 3-form, as no interaction was observed with the apo-Ent form ( Figure 3B ). Of interest, the affinity for Fe III (Ent) 3-appeared to be maintained by the gonococcal orthologue of fHbp, which did not show any binding to domains 6 and 7 of fH ( Figure 3C ).
Titrations with increasing concentrations of Fe III (Ent) 3-(ranging from 2.2 to 240 μM) were performed on immobilized fHbp from the meningococcal MC58 strain (variant 1). The shape of the curves prevented fitting the sensorgrams with any Biacore T100 Evaluation kinetic models.
However, steady-state analysis of the curves provided an estimated value for the thermodynamic dissociation constant (KD) of 35 μM for binding of Fe III (Ent) 3-to fHbp (Figure 4 ). Results for fHbp variants 2 and 3, tested using fHbp from strains 2996 and M1239, respectively, showed comparable affinities and similar profiles of association and dissociation behavior (Table S3 of the Supporting   Information) .
NMR Mapping of the fHbp-Enterobactin Interaction
The interaction between Fe III (Ent) 3- Figure S1 of the Supporting Information).
The Fe III bound to enterobactin is highly paramagnetic, being in a high-spin S = 5 /2 state. This added a large contribution to the nuclear relaxation rates, thus increasing signal line widths beyond detection.
The binding to fHbp was very specific for Fe III (Ent) 3- as no effects were detected on the NMR spectra when apo-Ent was added to the sample ( Figure S2 of Figure S3 of the Supporting Information).
The protein residues involved in the protein-small molecule interaction were mapped onto the NMR structure (PDB entry 2KC0). All residues, whose NH cross-peak disappeared upon addition and buried surface areas, although cluster 1 showed a slightly lower HADDOCK score (Table S2 of the Supporting Information). The average structure of this cluster is shown in Figure 7 . fHbp binds However, the observation that in a few cases (fHbp alleles 1.14 and 1.10) nonconservative substitutions can occur suggests that the network of interactions stabilizing the enterobactin could be different in some alleles or, as an alternative, that such alleles might have a different affinity for enterobactin.
Additional stabilizing hydrophobic contacts were made by residues lining the interaction site, such as Tyr152 and Phe172, both of which are strictly conserved within the three variants ( Figure 6 ). The It has already been pointed out that the gonococcal fHbp differs at the N-terminus compared to meningococcal variants, and it has been speculated that the gonococcal polypeptide, which lacks a signal peptidase II motif, remains confined in the cytoplasm. (44) However, sequence inspection suggests that gonococcal fHbp can be recognized by a twin-arginine translocation system,(45) which could direct it to the periplasmic space ( Figure 6 ). This observation leads to the intriguing hypothesis that the same protein differentiated its activity and function in N. meningitidis and N. gonorrheae, by modulating its subcellular localization and affinity for different substrates. In the gonococcus, the protein could be located in the periplasm where it could exert a role in iron uptake, whereas the surface-located orthologue in N. meningitidis mediates fH binding to allow escape of the host immune system. On the other hand, SPR indicated that the recombinant gonococcal fHbp allele is unable to bind to fH. This raises the question of whether fHbp is an appropriate name for the gonococcal orthologue and suggests that molecule transport could represent its predominant role.
Such considerations cannot, however, lead us to exclude the possibility that the maintenance of the ability to bind siderophores represents an advantage also for the meningococcus. The presence in the meningococcal genome of a gene encoding FrpB, the orthologue of the gonococcal enterobactin receptor FetA, seems to suggest that the maintenance of potential receptors for iron scavenging could provide a useful reservoir that allows the bacterium to rapidly adapt to possible environmental changes.
The biological significance of binding of fHbp to Fe III (Ent) 3- 
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Table S1
List of the active and passive residues of fHBP used to generate the ambiguous interaction restraints for the docking calculation. These are also the residues whose line-width of the NH signals increase upon addition of paramagnetic FeIII(Ent) 3- . Active residues Gly148, Arg149, Ala150, Thr151, Arg153, Lys230, Gln232, Lys254, Gln255
Passive residues Asp71, His103, Thr139, Gly147, Thr167, Thr169, Ala173, Gly229, Gln232 3-in a concentration range of 2.2-280 M were used. 28 M sample was run in duplicate. Regeneration of the chip was performed with 10 mM NaOH with 30 s contact time and 30 µl/min flow rate. The data collected were analyzed by the Biacore T100 evaluation software version 1.0 (GE Healthcare) via steady state analysis.
FeIII(Ent) 3- siderophore was injected at increasing concentrations allowing the binding response (RU, resonance units) to reach equilibrium. At the injection end point, the 'steadystate' value was reached, where the RU measured represented equal rates of association and dissociation (R eq ). Next, following the manufacturer's instructions, the steady-state analysis approach was used to plot equilibrium binding response (R eq ) against analyte (siderophore) concentration in order to obtain the dissociation constants (KD) for the interaction of siderophore (analyte) with the fHbp (ligand). The BIAcore T100 evaluation software includes a steady-state affinity model that allows calculation of binding affinity from such a plot of the steady-state data Req vs. Conc. The software uses a non-linear least-squares minimization routine in order to fit the experimental data to a curve described by the equation: R eq = KA x Conc x R max / (KA x Conc x n+1) where KA is the equilibrium association constant (and KA = 1/KD), Conc. is the molar analyte (siderophore) concentration, R max is the maximum analyte binding capacity of the ligand-loaded sensor chip, and n is the stoichiometry (n=1 for these interactions). The standard deviation reported for the KD value determined is derived from the root mean square deviation for all data points on the curve. 
Figure S2
Interaction of fHbp with apo-(Ent). 
Figure S3
Interaction of fHbp with FeIII(Yers). 
Figure S5
Polar and nonpolar contacts between fHbp and FeIII(Ent) 3-are indicated as dashed blue lines.
Protein residues involved in these contacts with the FeIII(Ent) 3-are shown in balls-and-sticks.
Atoms directly involved in contacts are shown in red. The FeIII(Ent) 3-molecule is shown as stick (carbon is green; nitrogen is blue; oxygen is red and hydrogen in white; Fe atom is shown as orange sphere). Two atoms have been defined as being in contact when the distance between their centres does not exceed the sum of the van der Waals radii by more than 0.6Å
